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Abstract: The use of protease inhibitors and non-nucleoside reverse transcriptase inhibitors for the
treatment of HIV infection and AIDS has been associated with multiple abnormalities in glucose and
lipid metabolism. Specifically, these abnormalities include insulin resistance, increased triglycerides
and increased LDL cholesterol levels. The metabolic disturbances are due to a combination of factors,
including the direct effect of medications, restoration to health and HIV disease, as well as individual
genetic predisposition. Of the available anti-retroviral medications, indinavir has been associated with
causing the most insulin resistance and ritonavir with causing the most hypertriglyceridemia.
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INTRODUCTION

The use of highly active antiretroviral therapy
(HAART) has significantly reduced morbidity and
mortality in HIV infection and AIDS™. But the use of
antiretroviral medications (ARVs), specifically protease
inhibitors (PIs), has been associated with various
metabolic and morphological abnormalities.
Abnormalities in glucose metabolism, alterations in
lipids and changes in body fat deposition (known as
lipodystrophy) have been reported starting in 1997,
Although some patients on ARVs may have multiple
metabolic and morphological abnormalities, it is clear
that many show only one aspect.

In this review, we will discuss the alterations in
glucose and lipid metabolism caused by PIs and non-
nucleoside reverse transcriptase inhibitors (NNRTIs).
Although the changes in fat distribution that occur in
association with AIDS and ARV treatment may impact
metabolism, they should be viewed as distinct entities
and are therefore not within the scope of this review.
Furthermore, it is important to separate and analyze
independently the metabolic abnormalities due to HIV
infection itself, restitution of health and medications.
We will first review the metabolic changes that occur as
a result of HIV infection alone, followed by the specific
effects of ARVs on glucose and lipid metabolism.

Metabolic abnormalities in HIV infection: HIV
infection itself has been shown to cause changes in
glucose and lipid metabolism. Before the era of
effective antiretroviral therapy, Hommes et al
demonstrated that patients with HIV infection had
increased insulin sensitivity compared to healthy, HIV
negative controls using the gold standard of the

euglycemic, hyperinsulinemic clamp'®. The increased

insulin sensitivity is likely secondary to an increase in
non-oxidative glucose disposal in HIV infection®.
Although some studies suggest a decrease in insulin
sensitivity rather than an increase, it is important to note
that that these were done using other less accurate
methods (fasting glucose  levels, fasting insulin
levels, OGTT) rather than the gold standard of the
clamp.

Lipid metabolism 1is, similarly, altered in the
presence of HIV infection and AIDS. The earliest
change in lipid metabolism is decreased HDL
cholesterol (HDL-c) and apo A-1"" With disease
progression, LDL cholesterol (LDL-c) levels decrease,
followed by an increase in triglyceride (TG) and
VLDL-c levels with development of AIDS . The
magnitude of the LDL-c change is less than that of
HDL-c”'*"! " thus promoting an atherogenic lipid
profile. Triglyceride levels in AIDS are significantly
increased (33-153%)[9’12’13] due to a combination of
both decreased TG clearance’ and increased VLDL
production''*. The increased TG level has been shown
to correlate with elevated interferon-a levels®™'? the
host response to viral infection. Lastly, increased TGs
have been associated with an increased prevalence of
LDL-b phenotype in patients with AIDS". This
constellation of changes in HIV infection and AIDS
(increased TG, decreased HDL-c and smaller LDL
particles) are consistent with a dyslipidemic, pro-
atherogenic profile.

Assessment of glucose metabolism: Various studies
on the effects of ARVs on glucose metabolism have
found differing results. Part of the discrepancy is due to
different methods used to determine insulin resistance
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that vary with respect to sensitivity, accuracy and the
specific variable being measured. Insulin resistance is a
state in which there is a decreased biological effect for a
given concentration of endogenous or exogenous
insulin, i.e. a decrease in sensitivity to insulin. The
euglycemic, hyperinsulinemic clamp is considered the
gold standard method for determining insulin
sensitivity. The subject is infused with exogenous
insulin and plasma glucose is “clamped” at a specific,
normoglycemic level by titrating a glucose infusion.
The hyperglycemic clamp, based on this same concept
but without the insulin infusion, is used primarily to
determine pancreatic B-cell secretory function, but can
also be used to measure insulin resistance. The primary
disadvantage of the clamp methods is the intensive
time, labor and cost.

Other methods of quantifying insulin resistance
include the minimal model (typically based on the
frequently sampled IV glucose tolerance test), insulin
tolerance test and homeostasis model assessment
(HOMA). The minimal model involves an IV glucose
load and subsequent glucose and insulin measurements;
its primary disadvantage is that it requires adequate
endogenous insulin secretion (which is often abnormal
in patients on PIs"'®'®) and the coefficient of variation
for the minimal model is 20% within a subject"’. The
insulin tolerance test determines insulin sensitivity by
assessing the rate of decline of plasma glucose after an
intravenous dose of insulin; its primary disadvantage is
the possibility of hypoglycemia and the risk of counter-
regulatory hormones (glucagon, catecholamines,
cortisol) distorting the results. HOMA is a
mathematical model to assess insulin resistance based
on fasting serum glucose (FSG) and fasting insulin
concentrations; unlike other measurements, HOMA is a
determination of basal (rather than stimulated) insulin
sensitivity. Although HOMA can be useful in
epidemiology studies with a large number of patients, it
has a higher coefficient of variation within an
individual (30%)[20] and is thus less accurate in
quantifying insulin resistance.

Other tests commonly used to measure glucose
metabolism include the oral glucose tolerance test
(OGTT), fasting serum glucose (FSG) and random
serum glucose. These tests are useful in defining
clinical states such as diabetes, impaired fasting glucose
and impaired glucose tolerance. In a research setting,
the OGTT (but not FSG or random glucose) can be
modified to estimate insulin resistance by sequentially
measuring insulin as well as glucose levels after the
administration of a standard oral glucose load. The
OGTT is the most sensitive of these tests followed by
FSG and lastly, the random serum glucose.

Prevalence of abnormal glucose metabolism: Soon
after the introduction of protease inhibitors, reports of
abnormal glucose metabolism began to emerge. Dube et
al. first reported hyperglycemia (defined as random
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glucose > 180 mg dL™") in 7 out of 1050 patients (1%)
on PIs”® and this was quickly followed by multiple
other reports of hyperglycemia and diabetes mellitus
(DM) 21221 ‘While a wide variability in the prevalence
of glucose abnormalities was reported, some of the
variability can be attributed to differences in methods of
assessment or definitions of glucose abnormalities.

The prevalence of diabetes as defined by either
random glucose>200 mg dL™' or FSG>/=126 mg dL™'
has ranged from 2%"”**% to 6-7%**"". Using a more
sensitive technique, the OGTT, Carr et al. found that
diabetes occurred in 7% of patients on PIs™. Also
using the OGTT, Behrens et al'® reported the highest
prevalence of DM (13%) in patients who had been
receiving Pls for a mean of 18 months. The prevalence
of impaired glucose tolerance (IGT) has been reported
to be 16%[25], 17%"" and 46%"' in various studies.

Insulin resistance: A well designed study by Walli et
al. used the insulin tolerance test in 67 patients on Pls
and found that 61% were insulin resistant®. The
degree to which each individual PI causes insulin
resistance varies widely. It is likely that indinavir (IDV)
has the most potent effect on glucose metabolism,
increasing insulin resistance by over 30%”** as
determined by HOMA and minimal model. Although
some studies conclude that IDV does not change
glucose metabolism, these studies used less sensitive
techniques such as random glucose and FSG%*'/,
Because studies of insulin resistance in HIV
positive patients can be skewed by factors such as
immune reconstitution, return to health and changes in
body composition with long term therapy, studies using
HIV negative subjects can help in elucidating the direct
effects of PI. Noor et al. performed euglycemic clamp
studies in HIV negative patients who were given IDV.
After a single dose of IDV, resistance to insulin-
mediated glucose disposal increased by 34%"%. After 4
weeks of IDV, resistance to insulin-mediated glucose
disposal increased by 17%, insulin levels increased by
36% and HOMA by 47%"% as clearly shown in this
study, the changes in HOMA, insulin-mediated glucose
disposal and insulin levels are not interchangeable.
Nelfinavir (NFV) may also increase insulin
resistance". Studies of the effect of amprenavir (APV)
and lopinavir/ritonavir (LPV/r) on insulin resistance
have been conflicting. Dube et al. showed a trend
towards increased insulin resistance (using the
FSIVGTT) in HIV patients treated with 48 weeks of
APV, but not at earlier times””. Euglycemic clamp
studies of LPV/r have had varying results. In HIV
negative men, no change in insulin sensitivity by clamp
was seen after 4 weeks of LPV/r™°!, whereas a study of
five days of LPV/r showed a 24% increase in insulin
resistance by clamp"’!. Studies using the less sensitive
techniques of random glucose and FSG have shown no
change with LPV/r"*** Lastly, work with atazanavir
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(ATZ) does not cause insulin resistance in HIV
negative subjects after 5 days of treatment"’’.

How it is possible that certain PIs cause an acute
blockade of insulin mediated glucose disposal in
humans, but the blockade is ameliorated or lost with
four ~weeks of treatment? Hormones and
adipocytokines, such as adiponectin, may be
responsible. Adiponectin is a hormone secreted by
adipocytes which correlates with insulin sensitivity. Lee
et al. showed that adiponectin levels were increased
after four weeks of either LPV/r or IDV treatment in
HIV negative men, but the increase was higher in
LPV/i“ Both PIs acutely induce insulin resistance,
but after four weeks LPV/r did not cause insulin
resistance, whereas IDV still did, albeit less than
acutely*>**3¢,

Mechanism of action of PI-induced inhibition of
insulin mediated glucose disposal — In vitro studies:
One mechanism by which PIs may induce insulin
resistance is by acutely blocking the GLUT4 glucose
transporter. The binding of insulin to its receptor
initiates a signaling cascade that ultimately results in
the translocation of GLUT4 (the primary transporter of
glucose in response to insulin) from intracellular
vesicles to the plasma membrane. PIs decrease insulin
stimulated, but not basal, glucose uptake in cells™*'™**.
This decrease in glucose uptake is rapidly reversible!*!],
occurs at physiological doses of drug*”' and occurs in
Xenopus laevis oocytes expressing GLUT4 only!*'.
Further evidence for the direct inhibition of GLUT4 by
PIs comes from studies showing no change in any of
the mediators of insulin signaling and no change in
plasma membrane levels of GLUT4“!#,

Other actions of Pls: PIs may also alter glucose
metabolism by suppressing insulin secretion from
pancreatic beta cells'®'®. Using a hyperglycemic
clamp, Woerle et al. showed that initial phase 1 insulin
secretion is decreased by 25% in patients on Pis''"\. In
vitro studies have also shown that some PIs (including
IDV, APV, RTV and NFV) inhibit insulin secretion by
pancreatic beta cells***7),

The IDV-induced increase in fasting insulin levels
and HOMA™*! cannot be explained by the inhibition of
insulin-mediated glucose disposal. Thus it is important
to recognize that IDV has also been shown to increase
hepatic glucose production and glycogenolysis, as well

as blunting their suppression by insulin'**,

Effect of NNRTIs on glucose metabolism: Although
non-nucleoside  reverse transcriptase  inhibitors
(NNRTIs) have not been studied as well as Pls, there
are some studies of the effect on glucose metabolism of
“switching” from a PI-based regimen to nevirapine
(NVP) or efavirenz (EFV). The majority of studies
show that NVP and EFV cause less insulin resistance
than PIs; insulin resistance decreased by 28-67% (as
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assessed by fasting insulin resistance index or fasting
glucose-insulin ratio) when HIV positive patients were
switched from PIs to NNRTIs*". Studies directly
assessing insulin resistance caused by NNRTIs (rather
than that relative to PIs) using the gold standard of the
glucose clamp have not yet been performed. Of note,
switch studies in patients with lipodystrophy have had
widely differing results.

Assessment of Lipid metabolism: As with glucose
metabolism, the literature on lipid metabolism and
HAART is widely varied. Part of this variability is due
to differences in measurement techniques. For example,
TG levels should be measured in the fasting state
because the levels are significantly increased by dietary
fat intake and may vary due to the nature and timing of
the meal; thus “random” TG levels should not be used.
Likewise, in patients with significant
hypertriglyceridemia (>400 mg dL™"), LDL-c should be
measured directly, rather than estimated from the
Friedewald formula. Although directly measured LDL-
c is ideal in a research setting, calculated LDL-c is
acceptable if patients do not have hypertriglyceridemia.

In addition to cholesterol and TG levels, a few
studies have analyzed the effect of PIs on various
apolipoproteins (the protein moieties of lipoproteins).
ApoA (I, IT and IV) is predominantly associated with
HDL, apoB with LDL, VLDL and chylomicrons, apoC
IT and I with chylomicrons and VLDL and apoE with
IDL and chylomicron remnants.

Effect of PIs on Lipid metabolism: With the
introduction of HAART, one might have expected a
reversal of the lipid abnormalities (elevated TG,
decreased LDL and HDL) observed in HIV infection
and AIDS. Instead, the lipid profiles of patients on Pls
have been varied and reflect not only the intrinsic
effects of PIs on lipid metabolism, but also immune
reconstitution and a return to health. Hyperlipidemia (as
defined by elevated total cholesterol or TG) has been
reported to occur in 71-78% of patients on Pl-based
therapy, while hypertriglyceridemia has been reported
in 28-50%!""%*>*"*!_ As a group, the PIs cause increased
total cholesterol, TG and LDL-c levels“7’29‘52’531, while
HDL levels are mostly unchanged™”. Despite the
generalization, studies have shown that individual PIs
have different effect on lipids.

Triglycerides: Some PIs further increase TG levels
beyond what is seen in AIDS. Ritonavir has the largest
effect, increasing TG levels by 101-300%"""*!. In an
early study of 543 HIV patients on full dose RTV, 13%
developed fasting TG levels of >1500 mg dL™" °. In
studies of HIV negative patients, in whom infection and
inflammation are not confounding factors, RTV has
also been shown to increase TG levels by 146%[55J;
most of this increase was in VLDL particles. LPV/r also
increases TG levels by 27-108% in both HIV positive
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Table 1:  Effect of PIs and NNRTIs on Lipid and Glucose Metabolism in HIV-infected patients

Insulin Total
Drug Resistance* Cholesterol* Triglyceride* LDL-c* HDL-c¢*
Protease Inhibitors
Amprenavir —to? " " 1 1
Atazanavir e 1 —tol —tol —tol
Indinavir "M 1 —to? " o
Lopinavir/Ritonavir — Tto 1 " " —
Nelfinavir —to 1 " —to 1 " e
Ritonavir o 11 11 11 -
Non-Nucleoside Reverse Transcriptase Inhibitor
Efavirenz 1 (switch)* 1 1 (switch)* ND "
Nevirapine 1 (switch)* 1 e 1 71

* Insulin Resistance: The arrows refer to relative changes, not to specific percentages. Due to the differences in percent changes between various

methods (HOMA and clamp), specific percentages have not been used.
“Lipids: 1 or | <20%, 11 or || 20-40%, 1 or ||| >40%

# (switch) refers to information obtained primarily from PI to NNRTI switch studies

ND: No adequate data available

Table 2:  Effect of PIs on Lipid and Glucose Metabolism in HIV negative patients

Insulin Total
Drug Resistance” Cholesterol Triglyceride* LDL-c* HDL-¢*
Protease Inhibitors
Amprenavir ND — — ND ND
Atazanavir — — — - -
Indinavir ™" — “ > >
Lopinavir/ritonavir o to 11 o " o o
Ritonavir ND o "M — |

* Insulin Resistance: The arrows refer to relative changes, not to specific percentages. Due to the differences in percent changes between various

methods (HOMA and clamp), specific percentages have not been used.
“Lipids: 1 or | <20%, 11 or || 20-40%, 1 or ||| >40%
ND: No adequate data available

and negative subjects” %78 whether this is due to
the LPV or the boosting dose of RTV is unclear.

Studies on the effect of NFV on TG metabolism
have been conflicting; two studies show no change in
TG levels[30’34], while other studies show an increase of
42-50% in fasting TG levels™™ % Likewise, studies of
APV have been conflicting; Sadler et al. showed that 7
days of APV in HIV negative patients had no effect on
TG""), while Dube et al. showed that 48 weeks of APV
in HIV positive patients increased TG by 90%"”. One
explanation for this discrepancy is the difference in
duration of treatment. Both DV ahq
ATZF7%90%3] have little or no significant effect on TG
levels in both HIV negative and HIV positive patients.

VLDL-c: The effect of PIs on VLDL metabolism has
not been studied as extensively. Behrens and Mulligan
have both shown that PIs, as a group, increase VLDL
levels in HIV infected subjects''®*. Other studies of
VLDL levels have been done primarily in HIV negative
patients; RTV raises VLDL-c levels by 159%"°, while
LPV/r raises VLDL-c by 33%"%. Again, it is unclear
whether LPV itself may cause this effect or whether it
is due to the RTV component. In HIV negative patients,
IDV did not change VLDL levels after 4 weeks of
treatment”” and ATZ did not change VLDL levels after
five days of treatment™’"
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LDL-c: As a group, PIs are also associated with
elevated LDL-c levels!'*"*? In HIV infected
patients, IDV, RTV, NFV, APV and LPV/r have been
shown to increase LDL-c levels by 11-
5090433370621 However, this increase is probably
due to restoration of health, rather than an intrinsic
effect of PIs on LDL metabolism as it does not occur in
HIV negative patients given PI. Multiple studies of
RTV, IDV, LPV/r, or ATZ administration for durations
of 5 days to 4 weeks to HIV negative patients have
shown no change in LDL-c levels?*3*37,

Apo B: The few studies that analyzed the change in
apoB levels (that associated with non-HDL-c, including
VLDL, IDL and LDL) with the use of PIs have
consistently shown an increase in apoB levels with the
use of IDV, NFV, LPV/r, or RTVP* a5 well as
PIs as a group!'®. Stable isotope studies have shown
that patients on PI based therapy have significantly
higher rates of apoB synthesis as well as a decrease in
the transfer of triglyceride between VLDL species!®*.

HDL-c: In a majority of studies, PIs do not
significantly change HDL-c levels”®'"*"*); one study of
pooled PIs found a decrease in HDL-c. Some studies of
individual PIs (such as IDV, NFV, APV, LPV/r and
ATZ) 1335386062631 have shown small increases in HDL-

¢ with treatment, but there are an equal number of
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studies in both HIV positive and HIV negative patients
indicating no change in HDL-c levels*?*3%72791 Ag g
group, PIs do not cause a change in apo A-1 (the
apolipoprotein associated with HDL-c) . Although a
few solitary studies of LPV/r and NFV®**7 concluded
that apo A-1 does increase with these drugs, these
studies need to be further verified.

Mechanism of action: Although the exact mechanism
by which PIs induce hypertriglyceridemia is not clear, it
is most likely multifactorial. One possible mechanism
involves the inhibition of proteosomal degradation of
apolipoprotein B by PIs. Liang et al. demonstrated that
certain PIs (saquinavir and RTV) inhibit the
intracellular proteosomes which degrade nascent
apolipoprotein B, thereby resulting in the increased
production and secretion of TG rich particles®
Another proposed mechanism for increased VLDL
production is PI induction of increased levels of
SREBP-1'"*!_ which stimulates lipid synthesis. Other
proposed mechanisms for hyperlipidemia™***" are not
as well supported.

It is also important to note that the dyslipidemia
associated with PIs likely has a genetic component. For
example, there are multiple reports regarding the
association of apolipoprotein E alleles and the
hyperlipidemia caused by PIs; Lister et al. reported a
case of latent dysbetalipoproteinemia which was
precipitated by PIs"” and Behrens reported a
significant association between the apoE4 allele and
hyperlipidemia in patients on PIs""". Another study
indicating the synergism between genetic predisposition
and pharmacological agents, done by Fauvel et al.,
showed that 40% of the variability in HDL and TG in
HIV patients on PIs was explained by polymorphisms
in the apo C-III gene!””.

Effect of NNRTIs on lipid metabolism: The effect of
EFV and NVP on lipid metabolism has been assessed in
switch studies as well as a few prospective studies. It is
clear that NNRTIs increase HDL by 15-499+>77
and they also increase apo A-1 levels”*®*. The effect of
NNRTIs on other lipids has been more variable. In
prospective studies, NVP causes an increase in LDL
(likely due to restoration to health) [62]; in switch studies
where patients are switched from PI based treatment to
NVP based treatment, LDL levels have been
unchanged”"’*. NVP does not change TG levels in
prospective studies"*** and decreases TG levels in
switch studies'*””*". The effect of EFV on LDL-c and
TG levels has been variable due to differences in
measurement techniques (fasting vs. non-fasting lipid
values) and lack of statistical analysis; it is possible that

EFV improves TG in switch studies™"".

CONCLUSION

Abnormalities in glucose and lipid metabolism are
not uncommon in HIV patients who are on HAART.
Some changes, such as increased triglyceride levels and
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decreased HDL-c and LDL-c levels, are seen with HIV
infection alone. The use of HAART and specifically,
the use of PIs, has been associated with insulin
resistance, hypertriglyceridemia and elevated LDL
levels in some patients. It is likely that these metabolic
effects are due to a combination of genetic
predisposition in patients, restoration of health and the
effects of individual drugs. The changes in glucose
metabolism are predominantly a reflection of the
pharmacological blockade of the GLUT-4 glucose
transporter, but other mechanisms (such as increased
hepatic glucose production and decreased insulin
secretion) may also play a role. The increase in TG
levels is related to specific drugs. The increase in LDL-
c is likely due to restoration of health, as it occurs with
both PI and NNRTI-based HAART in HIV-infected
patients, but not in HIV-negative subjects given PIL.
HDL levels do not change significantly with PI-based
HAART, but increase with NNRTI. With respect to the
individual medications, IDV causes the most insulin
resistance, while ATZ likely causes the least. RTV is
most associated with hypertriglyceridemia, while IDV
and ATZ are the least associated. Although further
studies are required in order to elucidate mechanisms,
diabetes and hyperlipidemia in this population of
patients should be aggressively treated to decrease the
risk of cardiovascular disease.
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